Pseudomonas aeruginosa undergoes spontaneous mutation that impairs secretion of several extracellular enzymes during extended cultivation in vitro in rich media, as well as during long-term colonization of the cystic fibrosis lung. A frequent type of strong secretion deficiency is caused by inactivation of the quorumsensing regulatory gene lasR. Here we analyzed a spontaneously emerging subline of strain PAO1 that exhibited moderate secretion deficiency and partial loss of quorum-sensing control. Using generalized transduction, we mapped the secretion defect to the vfr gene, which is known to control positively the expression of the lasR gene and type II secretion of several proteases. We confirmed this secretion defect by sequencing and complementation of the vfr mutation. In a reconstruction experiment conducted with a 1:1 mixture of wild-type strain PAO1 and a vfr mutant of PAO1, we observed that the vfr mutant had a selective advantage over the wild type after growth in static culture for 4 days. Under these conditions, spontaneous vfr emerged in a strain PAO1 population after four growth cycles, and these mutants accounted for more than 40% of the population after seven cycles. These results suggest that partial or complete loss of quorum sensing and secretion can be beneficial to P. aeruginosa under certain environmental conditions.
The gram-negative bacterium Pseudomonas aeruginosa lives as a saprophyte in a variety of humid habitats, and, as an opportunistic pathogen, it can infect many different host organisms. P. aeruginosa owes this versatility, in part, to powerful type I, II, and III secretion mechanisms. Together, these mechanisms help the cells secrete more than a dozen lytic enzymes and toxins (5, 33, 38) . For instance, the extracellular protease elastase (LasB), which is secreted via a type II mechansim, enables P. aeruginosa to degrade skim milk. Thus, on nutrient agar amended with skim milk wild-type bacteria are surrounded by large clear halos, whereas secretion-deficient mutants form smaller halos or no halos (2) . Clinical and environmental isolates of P. aeruginosa are normally secretion competent. Interestingly, however, a small percentage of all isolates turn out to be secretion defective on milk plates, and null mutations in the lasR gene are the most common cause of this phenotype (10) . The lasR gene product is the master regulator of quorum-sensing control in P. aeruginosa. In lasRnegative mutants the quorum-sensing signals N-(3-oxododecanoyl)-homoserine lactone (oxo-C12-HSL) and N-butanoylhomoserine lactone (C4-HSL) are produced at very low levels compared with the levels produced in the wild type. Oxo-C12-HSL binds to the LasR protein, which then activates transcription of numerous genes, notably the quorum-sensing genes lasI (oxo-C12-HSL synthase), rhlI (C4-HSL synthase), and rhlR (regulator activated by C4-HSL) (13, 18, 26, 34) . As quorum sensing positively controls the expression of a large number of genes, including those for elastase (lasB) and the type II secretion apparatus, lasR mutants have a secretion-negative phenotype on milk plates.
In previous work, we found that spontaneous lasR mutants of P. aeruginosa strain PAO1 have a strong selective advantage over the wild type during stationary phase at alkaline pH, which results in enrichment of these mutants when cells are subcultured in a rich aerated medium with repeated cycles that are at least 2 days long (9) . In a minimal medium containing caseinate as the sole carbon source, lasR mutants have been observed to emerge in growing cultures of strain PAO1 after several cycles of serial transfer (25) . These mutants accumulate because they benefit from the proteolytic enzymes secreted by the lasR ϩ cells in the population (25) . Interestingly, after extensive colonization of the cystic fibrosis lung by P. aeruginosa for several years, up to 60% of the bacterial isolates carry mutations in the lasR gene (3, 29) . Thus, although quorum sensing is helpful to P. aeruginosa in most situations, under special conditions it can pay for the organism to get rid of it (3, 6, 10, 25) . In the present work, we observed that secretiondefective mutants of P. aeruginosa PAO1 can also arise in a lasR ϩ background during serial transfer in the laboratory. We focused on an isolate that exhibits a residual secretion phenotype on milk agar, and we mapped the responsible mutation to the vfr gene. This gene, which is a homolog of crp in Escherichia coli, is known to regulate positively the expression of lasR, type II secretion, and pilus formation in P. aeruginosa (1, 36, 37) . In a reconstitution experiment, we isolated spontaneous vfr mutants from a PAO1 population after several cycles of static growth. Our findings are intriguing because vfr mutants of P. aeruginosa also arise frequently in the cystic fibrosis lung during long-term colonization (29) .
MATERIALS AND METHODS
Bacterial strains, bacteriophage, plasmids, and growth conditions. The bacterial strains, bacteriophage, and plasmids used in this study are shown in Table  1 . P. aeruginosa and E. coli strains were grown at 37°C in Luria-Bertani (LB) medium, tryptic soy broth (TSB), or nutrient yeast broth (NYB) (24, 32) . Growth was measured by determining the optical density at 600 nm (OD 600 ). Plasmids were transferred to P. aeruginosa by electroporation (28) or by using the conjugative properties of pRK2013 in triparental mating (4), with antibiotic selection on Pseudomonas isolation agar (Difco) containing 0.4% glycerol, on nutrient agar (NA), or on LB agar (32) . The antibiotics used were carbenicillin (300 g/ml), tetracycline (100 g/ml), gentamicin (50 g/ml), streptomycin (1,000 g/ml), and chloramphenicol (10 g/ml) for P. aeruginosa and tetracycline (15 g/ml), gentamicin (10 g/ml), and ampicillin (50 g/ml) for E. coli. The soft agar used for phage F116L preparations consisted of NYB amended with 0.5% agar. Proteolytic activity was tested by growing colonies for 12 to 24 h on tryptic soy agar (TSA) plates containing 1.5% skim milk (Difco). Secretion-proficient revertants of strain PAO1P were isolated by the method described previously (35) . Briefly, production of a toxic hybrid protein (LasB-pfColA) in the poorly secreting strain PAO1P allows positive selection of secretion-competent bacteria. In bacteria with a functional type II secretion system, LasB-pfColA is secreted into the medium, whereas accumulation of LasB-pfColA in the periplasm of a nonsecreting strain is lethal for the cells.
Protein analysis. P. aeruginosa cells grown in TSB were collected at the transition between the late exponential and early stationary phases. Cells at a concentration corresponding to 4 OD 600 units were harvested by centrifugation, and the supernatant was precipitated at 4°C with 10% (wt/vol) (final concentration) trichloroacetic acid for 2 h. Precipitated proteins were washed twice with 90% (vol/vol) acetone in water, solubilized in 100 l of sodium dodecyl sulfatepolyacrylamide gel electrophoresis sample buffer (19) , and heated at 95°C for 10 min. Samples (10 l) were separated by electrophoresis on an 11% sodium dodecyl sulfate-polyacrylamide gel (Bio-Rad III). Gels were stained with Coomassie brilliant blue R-250, and protein bands were identified by matrix-assisted laser desorption ionization-time of flight mass spectrometry.
␤-Galactosidase assays. Expression of the quorum-sensing genes lasR and rhlR during growth was studied by measuring the ␤-galactosidase activities of lacZ transcriptional fusions carried on pMAL.R or pMAL.V. Overnight cultures of P. aeruginosa harboring either of these lacZ fusion constructs were diluted to obtain an OD 600 of 0.01 in LB medium containing tetracycline. Samples were harvested at intervals for determination of the OD 600 and ␤-galactosidase activities, which were assayed as previously described (17) . Briefly, 1 OD 600 unit of a bacterial culture was removed at each time point, and the cells were harvested and permeabilized in 200 l (final volume) of Z buffer in a microtiter well. A 414 values were determined with a microtiter plate reader (Labsystems Multiskan MCC/340). One unit of ␤-galactosidase activity corresponded to the enzyme activity liberating 10 Ϫ9 mol of o-nitrophenol from o-nitrophenylgalactoside per min at 28°C. All experiments were performed three times, and averages and standard deviations are presented below. Transposon Tn5Gm mutagenesis. About 3,000 random Tn5Gm insertions in strain PAO1PR were generated by five separate biparental matings between E. coli BW20767/pLM1 and P. aeruginosa PAO1PR, as described previously (16) . Transposon insertion mutants were selected on NA containing 50 g/ml gentamicin and 10 g/ml chloramphenicol and were stored in NYB containing 15% (vol/vol) glycerol and 50 g/ml gentamicin at Ϫ80°C. Genomic DNA was extracted from a protease secretion-positive PAO1P-rif transductant following F116L-mediated transduction with a PAO1PR:Tn5Gm donor (see below). This DNA was subjected to restriction digestion with NcoI, self-ligated, and introduced into E. coli S17-1/pir by electroporation, with selection for gentamicin resistance. After isolation of the plasmid containing Tn5Gm, the transposon insertion site was determined by nucleotide sequencing with the transposonspecific primer tnpRL17-1 (5Ј-AACAAGCCAGGGATGTAACG-3Ј) and was localized on the PAO1 chromosome (http://www.pseudomonas.com/) using Transduction with phage F116L. The phage F116L preparations used for transduction were prepared as follows. One hundred microliters of an overnight culture of a P. aeruginosa strain and 100 l of phage stock (approximately 10 5 PFU/ml) were added to 3 ml of soft agar. The mixture was overlaid on NA plates and incubated at 37°C for 12 h. Semiconfluent plaques were then scraped from the plates and transferred into 2 ml of TNM buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10 mM MgSO 4 ). The lysate was vortexed, centrifuged at 20,000 ϫ g for 10 min, and filtered through a 0.45-m filter. Phage titers (PFU/ml) were determined by spotting 5-l portions of appropriate dilutions onto a lawn of PAO1 and counting the resulting plaques after 12 h of incubation at 37°C. Phage stocks were routinely stored at 4°C. Generalized transduction using F116L was performed as described by Krishnapillai (15) . Pools of Tn5Gm transposon mutants (48 transposon mutants per pool) were grown overnight in NYB containing 50 g/ml gentamicin and 10 g/ml chloramphenicol. F116L transducing lysates were prepared for 21 separate pools. A spontaneous rifampin-resistant PAO1P derivative (designated PAO1P-rif) was generated by plating PAO1P on NA containing 200 g/ml rifampin. An overnight culture of PAO1P-rif (500 l) was resuspended in 500 l TNM buffer and incubated with F116L transducing lysate (5 ϫ 10 8 PFU/ml) at 37°C for 15 min. Nonadsorbed phage was removed by two washes in TNM buffer. Transductants were selected on NA containing 100 g/ml rifampin and 50 g/ml gentamicin, purified by plating on selective medium, and screened for protease production on TSA-milk plates.
Nucleotide sequencing of the trpG-argC region and construction of a vfr insertion mutant. Chromosomal DNA from strains PAO1P and PAOPR was prepared by using a Nucleospin CϩT kit (Macherey-Nagel) and was sequenced commercially (Fasteris Life Sciences, Plan-les-Ouates, Switzerland). The sole difference from the PAO1 sequence was a T-to-C transition at position 193 in the vfr gene of PAO1P. The vfr:⍀Sp/Sm mutant PAO6301 was constructed by insertion of an ⍀Sp/Sm cassette as previously described (23) .
Complementation of the vfr-193 mutation in strain PAO1P. The vfr ϩ gene with flanking regions was isolated on a 1.05-kb fragment by PCR using PAO1PR chromosomal DNA as a template and primers vfrF (5Ј-CGCGAATTCGGTCA CCGAGAGCGGTATTC-3Ј) and vfrR (5Ј-CCCAGATCTCGACCTTCATGG TCCGTCTG-3Ј). The vfr ϩ fragment was cut with EcoRI and BglII and ligated into the expression vector pME6032, resulting in plasmid pME9603. This construct was introduced into PAO1P via electroporation. Transformants were selected on NA containing 150 g/ml tetracycline, and protease production was tested on TSA-milk plates containing 1 mM isopropyl-␤-D-thiogalactoside (IPTG).
Competition experiments. The recovery of vfr mutants and the wild type was assessed in shaking and static broth cultures at 37°C. NYB was inoculated with a 50:50 mixture of strains PAO1P and PAO1PR or strains PAO1 and PAO6301 obtained from overnight NYB cultures of the individual strains; the inoculum concentrations were estimated from OD 600 values. Immediately following inoculation, 100-l samples were removed, and appropriate serial dilutions were plated on NA to verify that equivalent proportions of the bacterial populations were present. At intervals, 100-l samples were taken, and appropriate serial dilutions were spread on NA plates and incubated overnight at 37°C. Discrimination of the strains was based on the difference in colony morphology between the wild type (fuzzy edges) and the vfr mutants (smaller colonies with smooth edges). The individual population sizes were expressed as percentages of the total population.
For competition experiments on solid media, NYB was inoculated with a 50:50 mixture of strains PAO1P and PAO1PR or strains PAO1 and PAO6301 as described above, and the presence of equivalent proportions of the two populations was verified by immediately plating an appropriate dilution on NA plates. Concurrently, 100-l samples of the same liquid culture were spread on NA plates, which were then incubated at room temperature. At indicated time points, bacterial samples were obtained by removing agar plugs, which were placed in 1 ml of 0.9% NaCl, vortexed vigorously for 1 min, mechanically broken with the aid of a pipette tip, and vortexed again for 1 min. Serial dilutions were plated on NA and incubated overnight at 37°C. As described above, strain discrimination was based on differences in colony morphology, and the individual population sizes were expressed as percentages of the total population.
Selection and isolation of vfr mutants under static culture conditions. Spontaneous vfr mutants were selected as follows. A wild-type PAO1 culture was used to inoculate 10 ml of TSB with 1 ϫ 10 8 bacteria per ml. After incubation at 37°C for 24 h, a culture sample was taken and used to reinoculate 10 ml of fresh TSB with 1 ϫ 10 8 bacteria per ml, and the resulting culture was incubated for 24 h. A total of seven incubation cycles were carried out. For each cycle, 100-l samples were taken and appropriate serial dilutions were spread on LB plates and incubated overnight at 37°C. Colonies were then screened for the specific vfr morphotype (smaller colonies with smooth edges). The first colonies having a vfr morphotype were observed at the fourth cycle, and the proportion of such colonies increased during the following cycles.
RESULTS
Isolation of a secretion-deficient PAO1 mutant and a revertant of this mutant. Secretion-deficient derivatives of P. aeruginosa wild-type strain PAO1 were observed to emerge after serial transfer of colonies on rich solid media and streaking on milk-containing plates. One isolate, designated PAO1P, which was partially secretion deficient on TSA amended with milk ( Fig. 1) , was chosen for this investigation. During growth in LB medium, PAO1P produced both oxo-C12-HSL and C4-HSL (data not shown), suggesting that the lasR gene was not mutated, as a lasR mutation results in severely diminished production of both of these quorum-sensing signals (9) . Secretionproficient revertants of strain PAO1P were selected by introducing plasmid pRV700 expressing the toxic hybrid protein LasB-pfColA under control of the tac promoter. We have shown in previous work that unless LasB-pfColA is effectively secreted, it is toxic to the cell (35) . Of the PAO1P derivatives which survived this selection procedure, one isolate having a wild-type secretion phenotype on TSA-milk was kept for further analysis, cured of pRV700 (35) , and designated PAO1PR (Fig. 1) . A sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the secreted proteins showed that strain PAO1PR exhibited enhanced secretion of several proteins, including elastase (LasB, PA3724), aminopeptidase (PA2939), chitin binding protein (CbpD, PA0825), and protease IV (PrpL, PA4175), and the pattern closely resembled that of wild-type strain PAO1 (Fig. 2) . Both lasRЈ-lacZ and rhlRЈ-lacZ transcriptional fusions were upregulated in strain PAO1PR compared with the low levels of expression seen in strain PAO1P (Fig. 3) , suggesting that the reduced secretion ability of strain PAO1P might be related, directly or indirectly, to downregulation of the quorum-sensing system. This experiment also indicated that strain PAO1P is not defective in lasR. Such a defect would strongly affect the expression of rhlRЈ-lacZ but not that of lasRЈ-lacZ (17) .
Mapping of the locus affecting secretion in strains PAO1P and PAO1PR. As there are many genes that influence the expression of the quorum-sensing system in P. aeruginosa (8, 13, 18, 23, 26) , we decided to map the locus determining the secretion phenotypes in strains PAO1P and PAO1PR by generalized transduction using phage F116L (12) . This was done in several steps, as summarized in Fig. 4A . First, random insertions of Tn5Gm (carrying a gentamicin resistance determinant) were generated in strain PAO1PR. F116L transducing lysates were prepared for 21 pools, each containing 48 Tn5Gm insertion mutants. In transductions with strain PAO1P-rif as the recipient, one pool contained 4% gentamicin-resistant transductants that showed restored secretion ability on milkcontaining agar. The sequence flanking the transposon insertion in the transductants was determined and found to be part of the PA0643 gene, which is located in a pyocin R gene cluster (21) (Fig. 4B ). This result indicated that the locus affecting secretion was located within cotransduction distance (Ͻ50 kb) of PA0643. Inspection of this region revealed that the vfr gene was a candidate locus (Fig. 4B) . Mutations in the vfr gene result in pleiotropic effects, including reduced expression of the lasR gene and type II secretion (1, 37) . To verify linkage of the PAO1P secretion locus with vfr, we transduced strain PAO1P with an F116L lysate prepared with PAO6661 (vfr ϩ trpG:Tn5Gm) and selected gentamicin-resistant transductants. In 97% (155 of 160) of the transductants, secretion was restored. This showed that the secretion locus was close to trpG and possibly within vfr. Secretion defect in PAO1P is linked to a vfr mutation. The entire 11.5-kb trpG-vfr-argC region was sequenced in strain PAO1PR, whose sequence was indistinguishable from that of wild-type strain PAO1, and in strain PAO1P, which had a single point mutation in vfr but otherwise was identical to the parental strain. This mutation affected the function but not the production of Vfr, as the same amount of Vfr protein was found in both strains by Western blotting (data not shown). In conclusion, these data document that PAO1P is a PAO1 mutant producing an inactive Vfr protein and that PAO1PR is a true vfr ϩ revertant of PAO1P. Further support for this conclusion was obtained from inspection of colony morphology. As mutation in vfr abrogates pilus synthesis and therefore twitching motility, strain PAO1P formed round, even colonies, whereas strains PAO1 and PAO1PR produced larger colonies with fuzzy edges (Fig. 5) , in agreement with a previous study (36) .
Complementation of the vfr-193 mutation. To demonstrate that the Y65H mutation in Vfr is involved in the secretion deficit in PAO1P, we introduced a recombinant plasmid containing the wild-type vfr allele, pME9603, into this strain. The complemented mutant had a restored secretion phenotype on milk-containing agar, and a control showed that the empty vector pME6032 had no influence on secretion in a vfr mutant (Fig. 1) . The complemented vfr mutant PAO1P/pME9603 also showed restoration of secreted proteins (Fig. 2) . In conclusion, it appears that the Y65H point mutation is involved in the secretion phenotype of strain PAO1P.
Selective advantage of vfr mutants in vitro. We wondered whether the emergence of vfr mutants would be favored by some selective pressure under laboratory conditions. We first tested growth and survival during stationary phase in wellaerated NYB. Under these conditions, lasR mutants have a competitive advantage over the wild type after Ͼ24 h of incubation at 37°C (9) . Unexpectedly, under the same experimental conditions, PAO1P and PAO1PR behaved differently; in a 50:50 mixture, viable cells of the vfr mutant PAO1P were recovered from the culture less frequently than revertant PAO1PR cells (data not shown). In a static broth culture, by contrast, the vfr mutant PAO1P was the predominant strain recovered. A similar result was obtained with a 50:50 mixture of wild-type strain PAO1 and the vfr insertion mutant PAO6301 (Fig. 6) . Although the selective advantage of the vfr mutants was small at the end of growth after 24 h, the vfr mutants were isolated preferentially over the vfr ϩ strains after 96 h of incubation at 37°C (Fig. 6) . At that time the culture medium had a pH of about 9. Moreover, when the 50:50 mixtures of PAO1P/PAO1PR and PAO6301/PAO1 were cultivated on NA and viable cells were removed from the agar surface by vigorous shaking in saline medium, the vfr mutants were isolated preferentially (ratio, 60:40) over the wild type after 1 h of incubation, and the ratios remained similar to this ratio after 96 h for both strain pairs (data not shown). We concluded that vfr mutants are enriched relative to the wild type when P. aeruginosa strains are serially transferred between static cultures or on solid growth media. In the case of transfer between solid media, the differential recovery may be explained by the fact that the wild type adheres more strongly to the agar surface than a vfr mutant. This is probably a consequence of reduced expression of type IV pili in the mutant (37) . Generation of spontaneous vfr mutants in vitro. We reasoned that the selective advantage of Vfr-negative cells should allow us to isolate spontaneous vfr mutants from a PAO1 population grown in static culture. This was done by serially transferring strain PAO1 as described in Materials and Methods. After each cycle, we screened for colonies having the typical vfr morphotype, as shown in Fig. 5 . Such colonies first appeared after four cycles; their proportion increased to 15% after six cycles and to more than 40% after seven cycles. Fourteen colonies having a vfr morphotype were collected at cycles 4, 6, and 7 and screened further for twitching motility and protease secretion on TSA-milk plates; 9 of these 14 isolates were similar to the vfr mutant PAO6301. None of them produced the Vfr protein according to a Western blot analysis using a Vfr antibody (data not shown). Sequencing of the vfr allele in the nine isolates revealed a unique deletion of cytosine at position 377 in the vfr gene, indicating that all of the isolates are siblings. This experiment demonstrated the positive selection that acts on vfr mutants under certain growth conditions.
DISCUSSION
This study reports the third case of a PAO1 subline that shows deficiencies in quorum-sensing-controlled gene expression after subculturing in the laboratory. An examination of the first two cases by Heurlier et al. (9) revealed spontaneous mutations in the lasR gene, resulting in a complete loss of quorum-sensing control and type II secretion. The results obtained here for PAO1P can be attributed to a mutation in the vfr global regulatory gene. The consequences of this defect are reduced quorum-sensing control (Fig. 3) , reduced type II secretion ( Fig. 1 and 2) , and reduced twitching motility (Fig. 5) . The secretion-proficient strain PAO1PR was isolated by our positive selection method, which is based on a LasB-pfColA hybrid protein (35) . It is remarkable that with this powerful method a rare true revertant could be selected in a secretiondefective background.
An intriguing question is which selective forces favor the emergence of such sublines. In rich media, lasR mutants were found to have a survival advantage over the wild type in agitated 2-day-old cultures at alkaline pH (9) , whereas the vfr mutants had an advantage in unshaken 4-day-old cultures at alkaline pH (Fig. 6) . During exponential growth, there seemed to be no major fitness difference between the wild type and the lasR and vfr mutants, and the selective advantage of both types of mutants appeared in late stationary phase (9) (Fig. 6) . Thus, the cost of keeping the quorum-sensing machinery operational in the wild type is probably not the most decisive selection factor, contrary to what might be assumed (14) and what is indeed observed in caseinate medium (25) . Rather, it appears that cells with impaired quorum sensing and secretion have a better chance to survive in stationary phase because they are more resistant to cell lysis (9, 10) . The survival strategies involved are not clear, and it is puzzling that differential survival was observed in shake cultures in one case (lasR) and in static cultures in the other case (vfr). In shake cultures propagated by serial transfer, spontaneous PAO1 lasR mutants appeared after 6 to 10 days at frequencies of several percent (9) . We conducted a similar experiment with static liquid cultures of strain PAO1 by screening for colonies having a vfr morphotype (Fig. 5) . After 4 days of subculturing, we observed the first vfr mutant, and static growth during additional cycles enriched for this mutant, confirming the selective advantage of the mutant over the wild type. This experiment also highlights the danger of using serial transfers for the maintenance of P. aeruginosa stocks.
These observations made in the laboratory show an interesting correlation with studies of long-term P. aeruginosa infections. P. aeruginosa strains isolated at early stages from the cystic fibrosis lung are generally secretion competent (29) , suggesting that establishment of infection requires type III secretion and subsequently, when the bacterial population has reached a "quorum," type I and II secretion (20, 26, 30) . The picture changes dramatically at later stages of lung infection. In a genetic study (29) , a majority of P. aeruginosa isolates was found to be lasR negative, and moreover, about 30% of all isolates were vfr negative after several months or years of infection. Thus, persistence of P. aeruginosa in the cystic fibrosis lung appears to be favored following mutational loss of secretion ability. In other types of infection, lasR and other quorum-sensing-defective mutants appear at frequencies of up to 20% (10) . Although no systematic time course studies have been conducted in these cases, the impression is that the frequencies of such mutants increase with increasing duration of infection. Our observation that the proportion of vfr-negative mutants increased to almost one-half of a P. aeruginosa PAO1 population after seven cycles of static growth in the laboratory correlates positively with the long-term colonization effects observed in the studies mentioned above. However, the selective forces behind this evolution are not necessarily the same in vitro and in vivo.
